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Visualization of mPer1 transcription in vitro: NMDA induces a rapid
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Many physiological and behavioral phenomena are themPer1 gene’s transcriptional activity only in themaster
clock, SCN (Figure 1a). The luminescence from the SCNcontrolled by an internal, self-sustaining oscillator
with a periodicity of approximately 24 hr. In cultures showed robust circadian oscillations with an am-
plitude (peak/trough ratio  6.39  0.35, mean  SEM;mammals, the principal oscillator resides in the
suprachiasmatic nucleus (SCN). A light pulse during n 26; Figure 1b) comparable to that of themPer1mRNA
in vivo [4]. The luminescence gradually decreased in am-the subjective night causes a phase shift of the
circadian rhythm via direct glutamatergic retinal plitude after several cycles but was recovered to the initial
level by changing the culture medium (Figure 1b). Withafferents to the SCN [1]. Along with the accepted
theoretical models of the clock, it is suggested that no changing of the culture medium, the peak intervals of
the bioluminescence from a single culture showed nobehavioral resetting of mammals is completed
within 2 hr [2]; however, the molecular mechanism significant variation within at least four cycles. The aver-
age periods of the individual cultures were very closehas not been elucidated. Here, we show the real-
time image of the transcription of the circadian-clock (95% of the mean values fell within 25.05  0.61 hr, n 
20).We were able tomonitor the clear and stable circadiangene mPer1 in the cultured SCN by using the
transgenic mice that carry a luciferase reporter gene rhythm of the mPer1 gene transcription for more than 60
days by exchanging the medium every 4 days.under the control of the mPer1 promoter [3]. The
real-time image demonstrates that the mPer1
promoter activity oscillates robustly in a circadian To respond rapidly to the changes in gene expression, a
manner and that this promoter activity is reset genetic reporter must have a short half-life within the
rapidly (within 2–3 hr) when a phase shift occurs. biological system [5]. To assess the functional half-life of
the luciferase proteins in this system, we inhibited protein
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of the luminescence (in the decreasing phase), the next
peak was significantly phase delayed in comparison to the
control medium (NMDA,1.94 0.18 hr, n 6; control,
0.23  0.04 hr, n  3; negative and positive valuesResults and discussion
The luminescence from the suprachiasmatic nucleus (SCN) represent phase delays and phase advances, respectively;
p  0.01, Student’s t test; Figure 2a,b). These findingswas considerably higher than that from the remaining
outside region, thereby allowing the direct assessment of were compatible with our previous study in vivo demon-
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Figure 1
Continuous recording of bioluminescence in the culture of the represents 500 m. (b) Circadian fluctuation of bioluminescence in
suprachiasmatic nucleus (SCN) from the mPer1-luc transgenic a SCN culture. The upper panels show the images integrated the
mice. (a) High-power image of the bioluminescence in a SCN culture. bioluminescence for 20 min. The images are lined every three images
During the measurement, 1 mM luciferin was added to the medium. (every 60 min) for 5 days. In the lower graph, each circle represents
Note that the SCN occupies the majority of the slice, and the the total intensity of luminescence counted for 20 min. An arrow
surrounding anterior hypothalamic area (AH) is thin. The scale bar indicates the change of the culture medium.
strating the next peak in mPer1 transcript levels following (within 2 hr) were observed at the other time points of
the delay part (4.2–7.2 circadian hr after the peak) ofthe light pulse is delayed by 2 hr as compared to the
controls that did not receive light, although the immediate Figure 3 (data not shown). The application of NMDA at
12 hr after the peak shifted the graph to the left for aboutresponse of the bioluminescence to the NMDA applica-
tion is quite little compared to the induced level of mPer1 1 hr within 2–3 hr after the NMDA treatment (Figure
4b). Similar rapidity of the phase shifts was observed at themRNA by light [4]. When NMDA was applied at 12 hr
after the peak (in the trough phase of the luminescence), other time points of the advance part (9.8–12.7 circadian hr
after the peak) of Figure 3 (data not shown). Therefore,the phase was advanced (NMDA, 0.86  0.10 hr, n  3;
control, 0.32  0.09 hr, n  3; p  0.05) (Figure 2c,d). in cases both of phase delays and of phase advances, the
phase shift of the bioluminescence was completed withinThese responses were specific since the simultaneous appli-
cation of 25 MD-2-amino-5-phosphonovalerate (D-APV), 2–3 hr. This suggests that the resetting of the mPer1
promoter’s transcriptional activity has similar rapidity. Byan antagonist for NMDA receptor, abolished the effects
completely (Figure 2e). Figure 3 shows theNMDA-induced using a 2 pulse light paradigm, accepted theoretical mod-
els for the resetting and entraining of all circadian clocks,phase shifts at various time points. Data were normalized
to the circadian time calculated from the peak intervals including those of mammals, hold that, unlike the overt
rhythms driven by them (which take several days to reset),of the bioluminescence, and the phase shifts were ex-
pressed as degrees of arc (see Figure 3 legend) to clarify the biological oscillators themselves can be reset rapidly
[10, 11]. This model was clearly established in the pres-the phase-response relationship. The direction and the
magnitude of the NMDA-induced phase shifts were de- ent study by the demonstration that the resetting occurs
rapidly in the core oscillator based on a transcription-pendent on the circadian phase. The applications at 4.2–
7.2 circadian hr after the peak caused phase delays, and (post)translation feedback loop of a set of clock genes.
The real-time imaging system in vitro together with thethe applications at 9.8–12.7 circadian hr caused phase
advances. The contour of the phase-response curve corre- monitoring system in vivo [12, 13] will be useful for the
elucidation of the transcriptional events of the clock genessponds well with the light-induced phase shifts of the
locomotor activity in vivo [9]. in the circadian oscillatory mechanism.
Materials and methodsTo define how rapidly the resetting occurred in this sys-
SCN culturetem, we overlaid the wave form of the NMDA-treated
The neonatal (4- to 7-day-old) transgenic mice [3] maintained under thecycle on that of the preceding cycle (Figure 4). When
light-dark cycle (light for 12 hr, dark for 12 hr) were anesthetized withNMDA was applied at 6 hr after the peak, the wave form ether, and the brains were quickly removed. The coronal brain slices
shifted right for 2–3 hr within 2 hr after the NMDA (400 m thick), which contained the paired SCN, were made with a
tissue chopper, and the brain slices were dissected carefully to minimizetreatment (Figure 4a). The similar rapid right shifts
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Figure 2
NMDA-induced phase shifts of luminescence. The application of (c) NMDA applied at 12 hr after the peak induced a phase advance.
NMDA induced the phase shifts of luminescence phase The exposure to the control medium without NMDA at (b) 6 hr and
dependently. The images of the representative results are shown in (d) 12 hr after the peak did not change the phase. (e) Simultaneous
the upper panels. The corresponding graphs are shown below application of 25 M D-APV completely abolished the NMDA-
defining the peak values (time 0) as 100%. (a) Exposure to NMDA induced phase shift.
at 6 hr after the peak of the luminescence induced a phase delay.
the outside regions of the SCN under a stereomicroscope. The SCN washed with the control medium (three times) for 30 min at 36C. After
the wash, the SCN cultures were returned to the original culture medium.explants (approximately 0.7 mm long and 0.7 mm wide) were maintained
on a membrane (Millicell-CM, Millipore, Bedford, Massachusetts, USA) The application of NMDA (30 M) with D-APV (25 M) was performed
on the same schedule. In the inhibition of protein synthesis, cycloheximidedipped into a culture medium (50% minimum essential medium, 25%
Hank’s balanced salt solution, 25% horse serum, 36 mM glucose, and (10 g/ml) was added to the culture medium.
penicillin/streptomycin) at 35C. The SCN cultures were incubated at
least for a week, and bioluminescence recordings were started. Acknowledgements
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Figure 3
Direction and magnitude of phase shifts for NMDA treatment of the
SCN culture. The x axis represents circadian hours (1 hr  free-
running period/24 hr) from the peak point. The y axis represents phase
shifts normalized into degrees of arc by multiplying each shift in hr
by the factor 360/free-running period [9, 10]. Blue dots represent
the control group, and red dots represent the NMDA-treated group.
The contour of the phase response was virtually the same as that
obtained when the half-maximal points were used as reference
points.
Figure 4
Wave form of the NMDA-treated cycle (red
squares) and the preceding cycle (blue
squares). The trough value of each cycle is
defined as 0%. The decreasing phase
(between the preceding peak and the trough)
and the increasing phase (between the
trough and the next peak) are shown, defining
the preceding peak as 100% and the next
peak as 100%, respectively. Each value is the
mean  SEM (n  3). Application of NMDA
(a) at 6 hr after the peak induced a phase
delay and (b) at 12 hr after the peak induced
a phase advance. Note that the phase shift of
the bioluminescence is completed within
2–3 hr in both cases.
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